several protein effectors. The basal state is restored when specific GTPase-activating proteins stimulate the intrinsic GTPase activity of the GTP-bound α-subunit. Following GTP hydrolysis, the α-subunit bound to GDP reassociates with the βγ-complex. Consequently, the reconstituted inactive G-protein is primed for a new cycle.
Vision in retinal rods is a typical example of a G-protein-coupled signaling system ( P u g h e t a l . , 1 9 9 9 ) . H e r e , s i g n a l transduction is initiated by the photoninduced isomerization of the chromophore 11-cis retinal bound to the photoreceptor protein rhodopsin (R), to all-trans-retinal. Structural changes in R lead to an active
Preparation of rod outer segments and washed membranes
Rod outer segments (ROS) were isolated from frozen bovine retinae by flotation and subsequent centrifugation on discontinuous sucrose gradients (Bubis, 1998) . Darkdepleted and urea-washed ROS membranes were prepared as described by Baehr et al. (1979) and Shichi and Somers (1978) , respectively. ROS membranes, darkdepleted ROS membranes, and urea-washed ROS membranes were stored in the dark, at -70 ºC. R concentration was calculated from its UV/visible absorption spectra, using the molar extinction coefficient of the protein (Wald and Brown, 1953) .
Purification of T and its subunits
T was purified from ROS membranes prepared under room light, using anionexchange chromatography on DEAE Sepharose (Bubis, 1995) . T α and T βγ were isolated to homogeneity by chromatography in tandem through blue agarose followed by ω-amino octyl agarose (Bubis, 1995) . T α -GTPγS was prepared as described by Fung (1983) .
Binding of guanine nucleotides to T
The guanine nucleotide binding activity of T was measured by Millipore filtration using [ 3 H] GTP or a nonhydrolyzable analog of GTP, [ 3 H] GMPpNp. The binding reaction was carried out in Buffer A [50 mM Tris-HCl (pH 7.5), 5 mM magnesium acetate, 100 mM NaCl and 5 mM ß-mercaptoethanol] containing 0.1 µM R (as d a r k -d e p l e t e d o r u r e a -w a s h e d R O S membranes), 0.15-0.2 µM of native or reconstituted T, and a fixed concentration of [ 3 H] GTP or GMPpNp (0.2 µM) (Bubis et al., 1993; Ortiz and Bubis, 2001 ). Blanks were measured in the absence of T and were subtracted from all the values. In all cases, the average value resulting from triplicate determinations was reported.
Modification of the acidic residues of T, T α and T βγ with DCCD or EDC
Stock solutions of DCCD and EDC were freshly prepared in acetonitrile or water, respectively. T (0.2 µM) was incubated for 1 h, at 4 ºC, with various concentrations of DCCD or EDC (0-40 mM) in 50 mM Pipes (pH 6.2) and 30 mM magnesium acetate. The function of the modified T was assessed, and its remaining light-dependent [ 3 H] GTP or [ 3 H] GMPpNp binding activity was determined as described above. The kinetics of modification of T by DCCD or EDC was examined by incubating T with 5 mM of either cabodiimide in the same buffer. The reactions were terminated at designated time intervals (0-60 min) by the addition of 30 mM aspartic acid and 20 mM ß-mercaptoethanol (pH 6.2), and the remaining guanine nucleotide binding a c t i v i t y o f t h e t r e a t e d p r o t e i n w a s determined. In some experiments, reactions w e r e t e r m i n a t e d w i t h 2 0 m M ß -mercaptoethanol and 30 mM of either glutamic acid or acetic acid (pH 6.2). Both T α and T βγ (0.15 µM) were also individually reacted with 5 mM DCCD or EDC in a similar fashion. After terminating the reaction, they were reconstituted with 0.15 µM of the complementary untreated unit to reform the holoenzyme, and assayed for [ 3 H] GTP binding.
Interaction assay between EDC-modified T and R *
T (4 µM) was incubated with 5 mM EDC in 50 mM Pipes (pH 6.2) and 30 mM magnesium acetate. Following 1h incubation at 4 ºC, the reaction was terminated with 20 mM ß-mercaptoethanol and 30 mM aspartic acid (pH 6.2). Parallel experiments in which T was incubated with buffer alone or with EDC previously titrated with 20 mM ß-mercaptoethanol and 30 mM aspartic acid (pH 6.2) were included as controls. At this step, T was denominated T (Asp/Glu-X), where X = hydrogen or the labeling group. An aliquot of urea-washed ROS membranes containing 3.5 µM R was mixed with T (Asp/ Glu-X) (2.4 µM) in an isotonic solution [5 mM Tris-HCl (pH 7.5), 100 mM NaCl, 5 mM magnesium acetate and 5 mM ß-mercaptoethanol]. To allow the formation of the transducin-photoactivated rhodopsin complex (T:R*), the mixture was cooled on ice, kept in the dark for 10 min, then illuminated for 1 min with bright light and held for 1 h under room light, at 4 °C. After a first centrifugation step (30 min at 40,000 rpm, RP120AT-203 fixed angle rotor, Sorvall RCM120 microultracentrifuge) the supernatant (S-ISO) was carefully removed. The bleached pellet was washed with hypotonic buffer [5 mM Tris-HCl (pH 7.5), 5 mM magnesium acetate and 5 mM ß-mercaptoethanol] and centrifuged as before to remove residual soluble proteins. The supernatant (S-HYPO) was saved for subsequent analyses, while the pellet was washed with 150 µM GTP in hypotonic buffer (Pr-GTP). The Pr-GTP was then centrifuged, and both the resultant supernatant (S-GTP) and the resuspended final pellet (Pf) were stored for later examination. Aliquots of T (Asp/Glu-X), S-ISO, S-HYPO, Pr-GTP, S-GTP and Pf were analyzed by sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis (SDS-PAGE) and Western blot.
Assay of T functionality in the T:R * complex incubated with EDC
T (1.4 µM) was incubated with darkdepleted ROS membranes (5.6 µM R) for 1 h, at 4 ºC, under light in order to form the T:R * complex. This suspension was centrifuged to remove residual free T (30  min at 40,000 rpm, RP120AT-203 fixed  angle rotor, Sorvall RCM120 microultracentrifuge), and the pellet was resuspended in 50 mM Pipes (pH 6.2) and 30 mM magnesium acetate, containing 5 mM EDC. Following incubation on ice for 1 h, the reaction was terminated with 20 mM ß-mercaptoethanol and 30 mM aspartic acid (pH 6.2). This incubation was performed at 4 ºC in order to maintain the metarhodopsin II photointermediate. Control experiments were carried out in which the pellet containing the T:R * complex, was either incubated with buffer or treated with EDC quenched with 20 mM ß-mercaptoethanol and 30 mM aspartic acid (pH 6.2). This sample was denominated Pr (Asp/Glu-X), where X = hydrogen or the labeling group. The treated membranes were initially washed with hypotonic buffer to release free EDC and residual soluble proteins. After centrifugation, we obtained the S-1 supernatant and the corresponding pellet (Pr). This wash was repeated to yield the S-2 supernatant. The release of T was examined by washing the resulting pellet with hypotonic buffer containing 150 µM GTP. Centrifugation of the GTP resuspended pellet (Pr-GTP) yielded a supernatant (S-GTP) and a final pellet (Pf). Aliquots of Pr (Asp/Glu-X), S-1, Pr, S-2, S-GTP and Pf were analyzed by SDS-PAGE and Western blot.
L i m i t e d t r y p s i n p r o t e o l y s i s o f E D C m o d i f i e d -T i n t h e p r e s e n c e o f fluoroaluminate
Fluoroaluminate (30 µM AlCl 3 and 10 mM NaF) was added to 15 µg of untreated or EDC-modified T. Following an incubation for 1 h on ice, the samples were digested with TPCK-treated trypsin using a ratio of 1:20 (w/w) protease:T. Aliquots containing 5 µg of T were withdrawn at various time intervals (0-60 min) and digestions were terminated by the addition of SDS-PAGE s a m p l e b u f f e r ( L a e m m l i , 1 9 7 0 ) . Subsequently, the samples were boiled for 20 min, and the protein fragments were resolved by SDS-PAGE. The gels were then either stained or analyzed by Western blotting as described below.
Other procedures
Protein concentration was measured according to Bradford (1976) , using bovine serum albumin as protein standard. SDS-PAGE was carried out on 1.5-mm thick s l a b g e l s c o n t a i n i n g 1 0 o r 1 5 % p o l y a c r y l a m i d e ( L a e m m l i , 1 9 7 0 ) . Coomassie blue R-250 or silver nitrate was used for protein staining. For Western b l o t a n a l y s e s , t h e p r o t e i n s w e r e e l e c t r o t r a n s f e r r e d f r o m t h e g e l s t o nitrocellulose filters (Towbin et al., 1979) . For immunodetection, the filters were incubated with polyclonal antibodies against bovine T (dilution 1:1000), prepared in mice (Bubis et al., 1993) . These antibodies preferentially recognize T α but have some cross-reactivity with R. The antigenically reacting polypeptides were then treated with alkaline phosphataseconjugated secondary antibodies against mouse IgG, at a dilution of 1:5000. Finally, the bands were visualized with 5-bromo-4-chloro-3-indolyl phosphate and nitro blue tetrazolium as substrates.
RESULTS
We used two different carbodiimides, EDC and DCCD, to chemically modify T and examine for functionally important acidic amino acids in the protein. EDC is a watersoluble compound that can be used to monitor solvent-accessible carboxyl groups in the protein. On the contrary, DCCD is a nonpolar carbodiimide that will partition into the hydrophobic environment of the protein.
Chemical modification of Asp and Glu residues preferentially occur at pHs below t h e i r c o r r e s p o n d i n g p K a s (~ p H 4 ) . However, globular proteins will commonly denature at these low pH values. Since at pH 6.2, proteins are generally stable and a certain proportion of their acidic amino acids are maintained in the protonated form, all labeling reactions of T with DCCD and EDC were performed at this pH. We initially measured the effect of pH on the GMPpNp binding activity of T. T guanine nucleotide binding activity was favored at pH 7.5-8.0, and only about 60% of the T functional activity remained at pH 6.2 (data not shown). Additionally, the GMPpNp binding capability of T was fully restored when the pH of the reaction mixture was increased from 6.2 to 7.5, using aliquots of 100 mM Tris-HCl (pH 8.8) (data not included). Consequently, the pH of the carbodiimidetreated T samples was always augmented to 7.5 before measuring their corresponding guanine nucleotide binding activity.
As will be seen later, DCCD (5 mM) did not have much effect on the GMPpNp binding activity of T. However, EDC (5 mM) completely inactivated the protein. Several compounds were then explored for their capability of protecting against the inactivation of T by EDC. When 30 mM of acetic acid, aspartic acid, or glutamic acid was pre-incubated with 5 mM EDC previous to its addition to T, all three reagents were capable of blocking the observed EDC inhibition in the GMPpNp binding activity of T (data not shown). Thus, subsequent carbodiimide reactions were terminated using 30 mM aspartic acid.
The effect of different concentrations of DCCD and EDC on the binding of guanine nucleotides to T is illustrated in Figure 1a . When ≥ 5 mM EDC was added to T, we observed a 95% inhibition of its lightdependent GMPpNp binding capacity (Fig.  1a) . In contrast, a minor effect on T function was shown when the protein was incubated with DCCD. As seen in Figure 1a , a maximum of 20-25% inhibition in T function was obtained when the protein was incubated with high concentrations of DCCD (≥ 40 mM). Similar results were observed when [ 3 H] GTP was used as the nucleotide binding ligand (data not shown). Additionally, incubation of T with up to 8% acetonitrile, the highest concentration present in the experiments where various amounts of DCCD were used, did not produce any effect on the functional activity of the protein (data not shown).
The time course of the modification reaction of T by EDC or DCCD was also determined. At the corresponding time intervals, the reactions were terminated by the addition of 30 mM aspartic acid and assayed for GMPpNp binding. Figure 1b shows the kinetics of the light-dependent GMPpNp binding activity of EDC-and DCCD-modified T. More than 90% of the T guanine nucleotide binding ability was inhibited following 20 min of incubation with 5 mM EDC. However, only a 20% inactivation of DCCD-modified T was seen following 90 min incubation with the hydrophobic carbodiimide (Fig. 1b) . On the basis of these results, we focused our attention on the modification of T acidic residues with EDC.
Parallel labeling experiments using R were also carried out to examine the effect of EDC or DCCD on its ability to activate T. As shown in Figure 1c , when R was incubated with 5 mM of either EDC or DCCD, the treatment did not affect its capacity to catalyze the light-induced guanine nucleotide exchange reaction in T.
T samples incubated with 5 mM EDC or left unincubated were separated by SDS-PAGE. EDC-treated T showed a decrease in the polypeptide bands corresponding to T α and T ß , with a concomitant appearance of high molecular mass species (> 200 kDa) (Fig. 2) . Then the EDC-induced crosslinking of T subunits may be partially responsible for the functional inactivation of the protein.
The ability of EDC-modified T to interact with R* was measured by the affinitybinding procedure described by Kühn (1980) . EDC-modified T was incubated with urea-washed ROS membranes under room light, and various washes were performed as described under Materials and Methods. After centrifugation, the components of each washing step were separated by SDS-PAGE and visualized by silver staining. Comparable gels were electrotransferred t o n i t r o c e l l u l o s e f i l t e r s a n d i m m u n o a n a l y z e d w i t h p o l y c l o n a l antibodies against T. Since the antibodies that were used primarily recognized T α , but showed some cross-reactivity with R (Bubis et al., 1993) , the samples were extensively boiled prior to the electrophoresis in order to induce the formation of high molecular weight R aggregates. The unmodified T behaved as expected ( Fig. 3a and b , T CONTROL ).
After reconstitution, approximately 60-80% of the original T became tightly bound to the bleached, washed ROS membranes (Pr-GTP). Isotonic and hypotonic washing steps (S-ISO and S-HYPO) were performed to eliminate the excess of T, which did not specifically interact with R*. The bound T then partially dissociated from the membranes following incubation with GTP (S-GTP). Since five extractions with buffer containing GTP were generally required to entirely remove T from illuminated ROS membranes (data not included), some of the bound T remained attached to the Pf fraction following one wash with this solution. A second control experiment containing T incubated with EDC that had been titrated with 30 mM aspartic acid showed an electrophoretic pattern that was identical to the untreated T (data not shown). As illustrated in Figure 3 (a and b, T EDC ), the modification of T with EDC hindered its binding to R* and the labeled protein was recovered in the supernatant following the first centrifugation (S-ISO). These results indicated that the residues labeled by EDC must be located in the R binding site of T.
T was incubated with dark-depleted ROS membranes under room light to form the T:R* complex. T:R* was then treated with EDC to assess whether R* was capable of protecting against the observed EDC inhibition in the guanine nucleotide binding activity of T, and washes were performed to evaluate the ability of T of dissociating from these complexes in the presence of GTP. The components of these washes were s e p a r a t e d b y S D S -P A G E , a n d t h e polypeptide pattern was visualized by silver staining. Although some of the bound T remained attached to the Pf fraction following one wash with the solution containing GTP, T was eluted with GTP from the ROS membranes in the untreated T:R* complex (S-GTP) (Fig. 4a, Control) . As expected, the other control experiment in which T:R* was incubated with EDC that was previously titrated with 30 mM aspartic acid showed the same pattern as Figure 3 .-Sedimentation assay of T or EDC-modified T in the presence of illuminated urea-washed ROS membranes. Samples of EDC-labeled or unlabeled T were incubated with photostimulated urea-washed ROS membranes. Following SDS-PAGE, the supernatants and pellets yielded by the sedimentation assay described under Materials and Methods were analyzed by silver staining (a) or by Western blot using polyclonal antibodies against T (b). The immunoblotted samples were boiled extensively previous to the electrophoresis separation. T CONTROL , unlabeled T; T EDC , EDC-modified T. the untreated T:R* sample (data not shown). The pattern for the EDC-treated T:R* complex was identical to both control samples (Fig 4a, EDC) . T was liberated from the ROS membranes in the presence of GTP (S-GTP), which suggested that R* protected against the inactivation of T by EDC and demonstrated that some of the residues modified by EDC must be located in the R binding site of the protein. Alternatively, T was immunologically detected following electrotransfer of the gels to nitrocellulose filters showing identical results (data not shown). However, when the GMPpNp binding activity of the E D C -t r e a t e d T : R * s a m p l e w a s quantitatively determined, a 40-50% protection against the inactivation of T by EDC was detected (Fig. 4b) . These results showed that R* only partially protected against the inhibition of T by EDC and indicated that other functionally-important acidic residues were also labeled in T by the hydrophilic carbodiimide.
Two well-characterized conformations of T have been reported, the inactive GDPbound state and the active GTP-bound state (Hamm, 1998). Previous reports have clearly shown that tryptic digestions of inactive and active T α yielded dissimilar polypeptide patterns (Fung and Nash, 1983) . Additionally, in the presence of GDP, T α incubated with fluoroaluminate existed as a structure in which the bound AlF 4 -mimicked the γ-phosphate of GTP in its pentavalent transition state during hydrolysis (Sondek et al., 1994) . Since activated T α and AlF 4 --bound T α produced identical protein fragments when incubated with trypsin (Bigay et al., 1985 (Bigay et al., , 1987 , protease protection assays of T in the presence of AlF 4 -have been extensively used to study the light-independent activation of the protein (García et al., 1995; Natochin and Artemyev, 2000) . Figure 5 shows the resulting tryptic polypeptide patterns obtained for untreated T and EDC-modified T in the presence of AlF 4 -. Western blot analyses using anti-T polyclonal antibodies that preferentially recognized T α showed that trypsin-resistant fragments of 34 kDa appeared when the untreated T sample was supplemented with AlF 4 - (Fig. 5 , Control + AlF 4 ). However, no trypsin protection was observed when fluoroaluminate was added to the EDClabeled T sample (Fig. 5 , EDC + AlF 4 ). On t h e c o n t r a r y , t h e r e s u l t i n g t r y p t i c polypeptide profile, which contained bands of lower molecular weight (23 kDa), was similar to the pattern obtained for the inactive T sample (Fig. 5, Control) . When activated T α -GTPγS was subjected to proteolysis with trypsin, the expected protection from extensive cleavage was observed and a band of 34 kDa emerged (data not shown). These results indicated that AlF 4 -was not capable of mimicking the transitional state of T in the EDC-labeled sample, suggesting that EDC was also modifying acidic residues located in or near the magnesium and guanine nucleotidebinding site of T, or in the switch regions that undergo the conformational changes occurring during the activation of the protein. The formation of high molecular weight cross-linking aggregates following T incubation with EDC was again clearly seen, as illustrated in Figure 5 (EDC + AlF 4 ). Although similar results were obtained when the gels were silver stained, the presence of tryptic polypeptides from T ß blurred and slightly buried the resulting fragments from T α (data not shown).
In order to explore the effect of DCCD and EDC on the individual functional units of T, T α and T βγ were isolated by chromatography in tandem through blue agarose followed by ω-amino octylagarose (Bubis, 1995) . As seen in Figure 6 , DCCD did not affect T βγ , since DCCD-treated T βγ , when combined with intact T α , maintain the GTP binding activity of the reconstituted holoenzyme. However, the guanine nucleotide binding activity of the reconstituted T was 40-50% inhibited when DCCD-modified T α was incubated with T βγ (Fig. 6) . On the other hand, a complete inhibition on the guanine nucleotide binding capability of the reconstituted holoenzyme was demonstrated when both EDC-modified T α was incubated with T βγ , and when EDC-treated T βγ was combined with T α (Fig. 6) . Similar results were observed when the time course of the modification reaction of T functional units by EDC or DCCD was determined. At the corresponding time intervals, the reactions were terminated by the addition of 30 mM Asp and assayed for GTP binding following incubation with the missing unit to reform the holoenzyme. Although no effect on the functional activity of T βγ was produced after 90 min of incubation with DCCD, approximately 50% inactivation on the lightdependent guanine nucleotide binding activity of the reconstituted T was obtained when DCCD-treated T α was combined with untreated T βγ , following 20 min incubation with the hydrophobic cabodiimide (data not included). In contrast, about 85-90% of the reconstituted T guanine nucleotide binding ability was inhibited after 5 min of incubation of either T α or T βγ with 5 mM EDC (data not shown).
DISCUSSION
The role of the acidic residues of T was evaluated by chemical labeling with DCCD and EDC, two carbodiimides differing in polarity. The function of T was only slightly affected by DCCD, which is hydrophobic in nature. On the contrary, EDC, which is hydrophilic and will aim at accessible carboxyl groups located on the surface of the protein, completely abolished the lightdependent guanine nucleotide binding a c
t i v i t y o f T . S i n c e t h e c h e m i c a l f u n c t i o n a l i t y i s t h e s a m e f o r b o t h compounds, the dissimilar behaviors observed between DCCD-and EDC-treated T m u s t b e d i r e c t l y r e l a t e d t o t h e
hydrophobicity and hydrophilicity of the reagents, which will target amino acids located on different regions of the protein.
There are several possible reaction p a t h w a y s f o r t h e i n t e r a c t i o n o f carbodiimides with carboxyl groups on proteins. The reaction of a carbodiimide with an acidic residue may produce a stable N -a c y l u r e a a d d u c t , a f t e r t h e i n i t i a l formation of an O-acylurea intermediate. Alternatively, the O-acylurea that is formed may interact with a nucleophile present in the buffer solution. If, however, the nucleophile is a nearby amino group of an amino acid side chain, an intermolecular or intramolecular "zero-length" cross-link may be formed (Toner-Webb and Taylor, 1987) . Treatment of T with EDC resulted i n t h e f o r m a t i o n o f i n t e r m o l e c u l a r covalently cross-linked oligomers of > 200 kDa. These high molecular weight species could be partially responsible for the inactivation of EDC-treated T samples. R e s u l t s f r o m n o n -d e n a t u r i n g g e l electrophoresis and analytical ultracentrifugation have suggested the presence of oligomeric states of T and its subunits (Baehr et al., 1982) . Consistent with these findings are kinetic studies of the Rcatalyzed guanine nucleotide exchange (Wessling-Resnick and Johnson, 1987a) , as well as binding studies between R and T (Wessling-Resnick and Johnson, 1987b; Willardson et al., 1993) , which demonstrate allosteric regulation of the interaction of T with R*. The molecular basis for the p o s i t i v e c o o p e r a t i v e b e h a v i o r w a s h y p o t h e s i z e d t o i n v o l v e o l i g o m e r i c associations of T. The EDC-induced crosslinking of T also provides physical evidence for the existence of these oligomers under native conditions. Similar results have been previously reported by trapping T oligomers using bifunctional maleimides (Millán and Bubis, 2002) . In a membrane environment where the concentration of macromolecules is high, the kinetics of interactions between receptor and G-protein is likely to be diffusion-limited. Formation of multimeric complexes of T would overcome the limitation by allowing a single R to interact with a locally concentrated pool of T α subunits and thereby attain rapid signal amplification. Some G-protein-coupled receptors have been found to dimerize and oligomerize, in some cases forming complexes with structurally different Gprotein-coupled receptors (Bockaert and P i n , 1 9 9 9 ; S a l a h p o u r e t a l . , 2 0 0 0 ) . Evidently, the formation of R dimers and o l i g o m e r s w i l l a l s o f a c i l i t a t e t h e amplification of the light response. However, for R, within intact functioning rods, the light-induced change in the diffusional speed of the activated receptor expected when it dimerizes or oligomerizes with other R molecules was not observed (Downer and Cone, 1985) .
As illustrated in Figure 7 , the modification of T with EDC blocked the productive interaction of T to R* (a b). In view of the fact that physical contact between R* and T represents the initial requirement for the T nucleotide exchange reaction to occur, the EDC-caused inactivation in GMPpNp binding activity can be attributed to hindrance at this step of the pathway. Since no effect was observed on the ability of EDC-treated R to activate T, it appears that EDC introduces structural changes in the general folding of T that either prevent sterically its direct binding to R* or physically hinder the conformational changes in this protein that are required to bind to R*. Several regions of T have been implicated in R contact (Hamm et al., 1988; García et al., 1995; Osawa and Weiss, 1995; Kisselev et al., 1994 Kisselev et al., , 1995 Kisselev et al., , 1999 Martin et al., 1996; Mazzoni and Hamm, 1996; Lichtarge et al., 1996) . Other studies have also indicated that specific regions and residues located at the C-terminal domain of T α interact with R * (Onrust et al., 1997; Fahmy, 1998; Nishimura et al., 1998; Bubis et al., 2001) . Yang et al. (1999) noticed that conformational changes taking place at the C-termini of T α , during Gprotein activation might be important for allosteric communication between receptor binding and GDP-binding sites on the molecule. Furthermore, synthetic peptides from the C termini of T α and T γ , recognize R* with similar affinity and can replace the holoprotein in stabilizing the active metarhodopsin II photointermediate. Interestingly, although both C-terminal regions of T α and T γ have been localized to a common surface of T by X-ray studies (Lambright et al., 1996) , the distance between these two regions in GDP-bound T appears to be too long to interact with the same site in R. This suggests that the signal transfer from R * to T takes place by a twosite sequential mechanism in which nucleotide exchange catalysis relies on the (Bubis, 1995) . Since EDC-modified T α was incapable of reassociating with intact T βγ , and EDC-treated T βγ was not able to reattach to native T α , EDC may also block intersubunit interactions (d a). * = Activated state. O P P P = GTP, O P P = GDP, hν = light.
geometry of interaction in matching pairs of at least two sites between R and T (Kisselev et al., 1999) . Plausibly, the modification by EDC of acidic residues located in any of these T functional sites will prevent the successful association of the protein with R. In order to explore the ability of R to protect against the inactivation observed in T function, chemical modifications with EDC were carried out on preformed T:R* complexes. Functional assays performed on EDC-treated T:R* samples showed that R* only partially protected against the inactivation of T by EDC and suggested that other Asp and/or Glu residues not involved in the interaction with R* were also labeled in T by EDC. Trypsin protection assays of T, in the presence of fluoroaluminate, have been employed to measure the ability of T to undergo a conformational change to the active state in a light-independent manner. Since no trypsin protection was observed when AlF 4 -was added to EDC-labeled T, some of the residues modified by EDC in the protein must be located in regions that will sterically hinder the GTP/GDP exchange induced by R*, preventing either the exit of GDP or the uptake of GTP (Fig. 7, b c). Therefore EDC must also modify acidic amino acids located either close to the magnesium and guanine nucleotide binding pocket of T, or in the switch regions that undergo the conformational changes o c c u r r i n g d u r i n g t h e l i g h t -i n d u c e d activation of the protein. As shown by crystallographic analyses (Sprang, 1997), five highly-conserved elements, designated G-1 through G-5, some of which contain acidic residues, outline the guanine nucleotide-binding site and define the 3D-structure of the proteins belonging to the GTPase superfamily. The diphosphatebinding loop (G-1) with the consensus sequence GXXXXGK(S/T), contacts the α-and ß-phosphates of the guanine nucleotide. The G-2 loop (XTX) contains a conserved t h r e o n i n e r e s i d u e i n v o l v e d i n M g 2+ coordination. A DXXG sequence, G-3, links the subsites for binding of Mg 2+ and the γ-phosphate of GTP. The guanine ring is partially recognized by the conserved NKXD sequence (G-4) . Finally, the G-5 box with consensus sequence (T/G)(C/S)A, buttresses the guanine base recognition site. A d d i t i o n a l l y , a v i e w o f a l l t h r e edimensional structures of T α (Noel et al., 1993; Lambright et al., 1994; Sondek et al., 1994) showed that several acidic residues were involved directly either in the coordination of Mg +2 , in guanine nucleotide binding, or in the mechanism for GTP hydrolysis. The labeling by EDC of any of these potential targets will probably yield the inactivation observed in the EDC-treated T sample. Moreover, the structural differences between inactive and active T α , induced by nucleotide exchange, are localized to three adjacent regions referred as switch I (Ser 173 -Thr 183 ), switch II (Phe 195 -Thr 215 ), and switch III (Asp 227 -Arg 238 ) , which a l s o c o n t a i n r e s i d u e s o f t h e t y p e characterized in this manuscript. The modification of carboxyl groups located in the switch regions of T α will most likely hinder the conformational changes induced in the protein by GTP and will also cause the inactivation of T. W h e n T α o r T β γ w a s i n d i v i d u a l l y incubated with EDC and then combined with the intact complementary unit in order to reform the holoenzyme, the guanine n u c l e o t i d e b i n d i n g a c t i v i t y o f t h e reconstituted protein was also completely inhibited. As with T, the hindrance of steps a b and b c will substantiate the inactivation of EDC-labeled T α and EDClabeled T βγ . However, if EDC is modifying acidic residues involved in inter-subunit contacts, the labeling of the individual T units with EDC may also prevent the reconstitution of a functional holoenzyme (Fig. 7, d a) . Consistent with this, several acidic residues have been implicated in maintaining the T α -T β interfaces by ion pair interactions (Lambright et al., 1996) . In addition, single Ala mutations in amino acids of T β that contact T α , which included two Asp residues (Asp 186 and Asp 228 ), blocked R * -mediated GTP/GDP exchange, and suggested an active participation of T β in receptor-catalyzed nucleotide exchange (Ford et al., 1998) . Similar to T, T βγ was almost not affected by DCCD. In contrast, the holoenzyme reconstituted with DCCD-modified T α and native T βγ showed approximately 50% inhibition on its guanine nucleotide binding activity. We believe that Asp and/or Glu residues located in the proximity of the metal and nucleotide interaction sites in T α , are most likely the best targets for DCCD labeling. Guanine nucleotide binding sites contain a hydrophobic pocket that constitutes the primary recognition site for the guanine ring. Since Mg +2 -GDP is strongly bound to purified T, the metalnucleotide complex may protect against DCCD inactivation, explaining the lack of effect of DCCD on the holoenzyme. On the other hand, T α is purified free of nucleotide from the blue agarose column (Shichi et al., 1984; Bubis, 1995) . In this case, the acidic residues involved in the GTP binding pocket will be more susceptible to DCCDlabeling. In spite of this, T α was always stored and maintained in buffers containing Mg +2 , and the metal may be protecting to some extent against the modification by DCCD. The labeling by DCCD of any of the target residues directly involved in the coordination of magnesium, in nucleotide binding, or in the mechanism for GTP h y d r o l y s i s , m a y c a u s e t h e p a r t i a l inactivation observed in DCCD-modified T α . Furthermore, the labeling of T α with DCCD may also be affecting its interaction with T βγ , hindering the reformation of the holoenzyme.
